The heritable component to attempted and completed suicide is partly related to psychiatric disorders and also partly independent of them. Although attempted suicide linkage regions have been identified on 2p11-12 and 6q25-26, there are likely many more such loci, the discovery of which will require a much higher resolution approach, such as the genome-wide association study (GWAS). With this in mind, we conducted an attempted suicide GWAS that compared the single-nucleotide polymorphism (SNP) genotypes of 1201 bipolar (BP) subjects with a history of suicide attempts to the genotypes of 1497 BP subjects without a history of suicide attempts. In all, 2507 SNPs with evidence for association at P < 0.001 were identified. These associated SNPs were subsequently tested for association in a large and independent BP sample set. None of these SNPs were significantly associated in the replication sample after correcting for multiple testing, but the combined analysis of the two sample sets produced an association signal on 2p25 (rs300774) at the threshold of genome-wide significance (P = 5.07 Â 10
Introduction
Suicidal behavior is a complex phenotype that includes both attempted and completed suicide. Genetic epidemiological studies provide strong evidence for a heritable component to suicidal behavior, 1 and the heritability for serious suicide attempts is estimated at 55%. 2 The heritability for suicidal behavior appears to be partly dependent on the presence of psychiatric disorders such as bipolar disorder (BP), depression and alcoholism. Importantly, the heritability also appears to be partly independent of them. This phenomenon is well illustrated by the study of Brent et al., 3 where the authors assessed suicidal behavior in the offspring of subjects with mood disorders and a history of suicidal behavior and of subjects with mood disorders but no such history. 3 The high-risk offspring had greatly elevated rates of attempted suicide (12 versus 2%, odds ratio (OR) 6.2) despite having similar rates of psychiatric and personality disorders. The twin studies of Statham et al. 2 and Glowinski et al. 4 also reported similar results, with elevated rates of suicidal behavior in MZ:DZ twins after controlling for psychiatric disorders, suggesting that independent genetic factors may be important.
Several studies of suicidal behavior provide evidence supporting the hypothesis that this independent factor may influence the tendency toward impulsive aggression, [5] [6] [7] with individuals having both a psychiatric disorder and a tendency toward impulsive aggression having the greatest risk for suicidal behavior. 1 In addition, environmental risk factors, such as parental abuse and early parental loss, may interact with genetic risk factors and thereby increase the risk for suicidal behavior.
Neurobiological studies of suicidal behavior have focused mostly on the serotonergic system, because of several lines of evidence implicating this neurotransmitter pathway, including the finding of decreased serotonin metabolite 5-hydroxyindolacetic acid levels in the cerebrospinal fluid from patients who attempted suicide. 8 Genetic association studies of suicidal behavior have also focused on the serotonergic system, with the tryptophan hydroxylase genes (TPH1 and TPH2) and the serotonin transporter gene receiving considerable attention. However, association studies with these genes and the attempted and completed suicide phenotypes have been mixed. 9 Four attempted suicide genome-wide linkage studies have been completed using pedigrees with alcoholism, BP and major depression. Three of these studies provided compelling evidence implicating a genetic risk factor for suicidal behavior in the 2p11-12 candidate region, whereas two of them showed additional, more modest, evidence for a locus on 6q25-26. [10] [11] [12] [13] Microarray expression studies have also identified candidate genes for suicidal behavior [14] [15] [16] [17] [18] with results implicating genes such as spermine/spermidine N 1 -acetyltransferase (SSAT), which encodes the rate-limiting enzyme in polyamine catabolism. 14 Although the four attempted suicide linkage studies support the presence of at least two suicidal behavior loci, there are likely many more such loci, the discovery of which will require a much higher resolution approach, such as the genome-wide association study (GWAS). Recent GWAS analyses in schizophrenia 19 and bipolar disorder 20 have identified a number of association signals meeting genomewide significance, providing potentially groundbreaking advances in these fields.
We are interested in identifying genetic risk factors for suicidal behavior in BP, where B36.3% of subjects with bipolar I disorder attempt suicide. 21 Toward that end, we have completed an attempted suicide GWAS using 1201 BP subjects with a history of suicide attempts and 1497 BP subjects with no history of suicide attempts. In this study, we present the results of this attempted suicide GWAS and our efforts to replicate the most promising findings.
Subjects and methods
Subjects NIMH-BP samples. The details of the ascertainment and assessment methods for the National Institute of Mental Health-Bipolar Disorder samples can be found in the original study reports. 22, 23 Briefly, the NIMH-BP subjects were collected in five waves. Families were recruited in the first four waves of the study if the proband met criteria for bipolar I disorder and had at least one additional first-degree relative with bipolar I or schizoaffective disorder, bipolar type. In the fifth wave of the study, only unrelated bipolar I subjects were recruited, and no family history of BP was required. Subjects were assessed using the Diagnostic Interview for Genetic Studies (DIGS), and diagnoses were made using DSM-III-R (Diagnostic and Statistical Manual of Mental Disorders, Third Edition, Revised) and DSM-IV. 24 Unrelated subjects with self-reported EuropeanAmerican ancestry and a diagnosis of bipolar I disorder or schizoaffective disorder-bipolar type from all five waves were selected for genotyping. All subjects signed written informed consent forms before enrolling into the NIMH-BP study.
German sample
The details of the ascertainment and assessment methods for the German sample have been described elsewhere. 25 Briefly, bipolar I disorder probands were recruited via consecutive hospital admissions, assessed by a structured interview and diagnosed according to the DSM-IV criteria. Written informed consent was obtained from all study participants, and unrelated subjects with a diagnosis of bipolar I disorder were selected for genotyping.
Genotyping
Genotyping of the NIMH-BP samples was conducted in two separate efforts, referred to as the Genetic Association Information Network Bipolar Sample (GAIN-BP) 23 and the Translational Genomics Research Institute (TGEN) sample. 23 Genotyping in both efforts was performed using the Affymetrix 6.0 array (Santa Clara, CA, USA), and standardized quality control measures were applied to both BP data sets and matched normal controls as described in the study's primary manuscript. 23 Briefly, subjects with missing data rates X5% were dropped from the analysis, and single-nucleotide polymorphisms (SNPs) were dropped from the analysis if they had minor allele frequencies < 1%, missing data rates X5% or Hardy-Weinberg equilibrium P-values < 10
À6
. The final cleaned GAIN-BP sample consists of 1001 BP subjects (42.7% suicide attempters) and 724 067 SNPs, and the final cleaned TGEN data set includes 1190 BP subjects (46.7% suicide attempters) and 728 187 SNPs. We included all subjects from both of these canonical data sets in our association study.
Genotyping of the German sample was completed using the Illumina HumanHap550 array (San Diego, CA, USA). Subjects with missing data rates > 5% were dropped from the analysis, and SNPs were dropped if they had missing data rates > 2%, minor allele frequencies < 2% or Hardy-Weinberg equilibrium P-values < 0.0001. We included the final cleaned data set, including 645 BP subjects (33.8% suicide attempters) and 516 024 SNPs, in our association study.
Phenotype definition
Our goal was to conduct an analysis of these genotype data using attempted suicide as the phenotype. Our analytic strategy involved comparing the genotypes of BP subjects with a self-reported history of attempted suicide (attempters) to the genotypes of BP subjects without a self-reported history of attempted suicide (nonattempters), thereby eliminating loci that are associated with BP in general. The attempted suicide GWAS analysis included 1201 attempters, 1497 nonattempters and 138 subjects with an unknown attempted suicide status.
Population stratification
We used the principal components method as implemented by EIGENSTRAT in the program EI-GENSOFT 3.0 (Price et al.
26
) to correct for population stratification in our GWAS. We conducted the analysis using the 137 892 genotyped SNPs that were in common to all three data sets (GAIN-BP, TGEN and German). We selected the top five principal components based on an examination of the scree plot of eigenvalues to include as covariates in our association analysis (Supplementary Figure 1) .
Imputation
Our three data sets (GAIN-BP, TGEN and German) were genotyped on two different platforms, requiring us to impute them before conducting a mega-analysis. We imputed each data set separately using the phased haplotype data from HapMap phase I and II release 24 (http://hapmap.ncbi.nlm.nih.gov/) as the reference panel. The program BEAGLE (http://faculty. washington.edu/browning/beagle/beagle.html) was used to orient all SNPs of our three data sets to the positive strand consistent with the reference panel data and to generate imputed allelic dosages for autosomal SNPs. 27 Following this procedure, we removed all low confidence imputed SNPs (minor allele frequency < 0.01, r 2 p0.3, Hardy-Weinberg equilibrium P-value < 1 Â 10 À6 ).
Statistical analysis
The three imputed data sets were then combined into one consisting of a total of 2 408 051 SNPs for a megaanalysis. We ran our association analyses using the program mach2dat, 28 which incorporates estimated allelic dosages into a logistic regression model for tests of association between genotype and phenotype. We included terms in our logistic regression model adjusting for the top five principal components and also included a dummy-coded variable that indexed the three data sets to control for any possible confounding because of heterogeneity across samples. Supplementary Figure 2 shows the resulting Q-Q plot. The l was estimated as 1.01. We reported the likelihood ratio P-values and used the conventional P-value (P < 5 Â 10 À8 ) 29, 30 as the threshold for declaring a finding genome-wide significant.
In addition to the primary analysis outlined above, we also performed two exploratory analyses. We stratified the samples according to sex or to the presence of substance abuse/dependence and repeated the attempted suicide association analysis within each stratum. This analysis was performed using mach2dat with logistic regression and the imputed allelic dosages as described above. The female sample had 779 attempters and 779 nonattempters, whereas the male sample had 422 attempters and 718 nonattempters. Substance abuse/ dependence information was not available for the German sample, and hence this secondary analysis was conducted using only the GAIN-BP and TGEN samples. Thus, the substance-free sample had 388 attempters and 610 nonattempters. The substance abuse/dependence sample had 595 attempters (190 with only alcohol abuse/dependence, 54 with only substance abuse/dependence and 351 with both alcohol and substance abuse/dependence) and 532 nonattempters (226 with only alcohol abuse/dependence, 55 with only substance abuse/dependence and 251 with both alcohol and substance abuse/ dependence).
Replication study details
We attempted to replicate our top GWAS findings from the primary attempted suicide analysis in an independent BP sample consisting of 3117 BP subjects with information about attempted suicide (1295 attempters and 1822 nonattempters) taken from a combined and imputed sample from the Wellcome Trust Case Control Consortium, STEP-BD and University College London (WTCCC/STEP-BD/UCL). 20 SNPs with P-values < 0.001 in our primary analysis were tested for evidence of association in the replication sample, which was conducted using allelic dosages in PLINK. 31 We used the program METAL (http://www.sph.umich.edu/csg/abecasis/ Metal/) to conduct a fixed-effects meta-analysis of the results from our sample and the replication sample to determine the combined evidence of association.
Gene expression in post-mortem brain We reanalyzed Stanley Medical Research Institute (SMRI) gene expression microarray data from studies of post-mortem brains derived from subjects with BP. There were 34 BP subjects (14 with suicide and 20 without suicide) for whom data were available to assess expression of ACP1 (acid phosphatase 1) among those who died by suicide compared with those who died by other means. Reanalysis was performed because the meta-analytic results for this comparison on the SMRI website (www.stanleygen omics.org) mix data from different brain regions and different platforms. We reanalyzed the three data sets that focus on Brodmann area 46 and use the Affymetrix hgu133a platform.
Normalization was performed using MAS 5.0 (Affymetrix, Santa Clara, CA, USA). Expression values were scaled so that the median expression value for each study was equal to 100 on the linear scale. Quality control was carried out using hierarchical clustering and principal component analysis, and genome-wide outliers for each microarray study were detected and removed (Study 1: A-19, A-28, A-29, A-31, A-41, A-50, A-59 , A-87; Study 3: none; Study 7: IDs: A-50, A-59). Intensity values from the three ACP1 probes present in the hgu133a platform (201629_s_at, 201630_s_at and 215227_x_at) were extracted. Data from the three studies were averaged to yield one expression value per probe. We used linear regression to determine whether the BP subjects who died by suicide showed higher intensity levels at these probes than did BP subjects who died by other means, after controlling for these covariates: age, sex, brain pH and post-mortem interval.
Results

Attempted suicide GWAS
The Manhattan plot illustrating the results for the primary attempted suicide association analysis is shown in Figure 1 , with 2507 SNPs (0.1%) showing evidence for association at P < 0.001 (Supplementary Table 1 ). Table 1 highlights the top associated regions from this analysis. The strongest signal was at rs300774 (P = 1.09 Â 10
À6
; OR 1.42) in an intergenic region on 2p25 (Figure 2 and Supplementary Table 2 ). There was a significant difference in the distribution of males and females among the attempters and nonattempters (P-value = 2.68 Â 10
À11
), but there was no significant difference for age at interview (P = 0.99). Thus, we repeated the association analysis controlling for sex. The top association signals remained essentially the same after controlling for this variable (for example rs300774 unadjusted P = 1.09 Â 10
À6
, adjusted P = 1.24 Â 10
), indicating that the evidence for association was not because of the sex distribution differences in the attempters and nonattempters.
We also performed two hypothesis-generating secondary analyses on the GWAS data set. First, we stratified the sample set according to sex, with the goal of increasing homogeneity and identifying sexspecific risk loci, and then repeated the attempted suicide association analysis. There was no overlap between the top male and female SNP lists (P < 0.001; Supplementary Tables 3 and 4). The most significant association signal in males was at rs5752388 on chromosome 22q12 in the AK026502 gene that generates a noncoding RNA (P = 1.07 Â 10
; OR 1.67; Figure 3a) , and the most significant association signal in females was at rs10170138 on chromosome 2p12 in the LRRTM4 gene (P = 9.27 Â 10 À7 ; OR 0.60; Figure 3b ), which codes for a nervous system transmembrane protein. The stratification analysis also indicated that the evidence for association with rs300774 was stronger in males (P = 4.55 Â 10
; OR 1.69) than in females (P = 0.01077; OR 1.27).
Second, we stratified the sample set according to the presence or absence of substance abuse/depen- dence, with the goal of identifying loci with evidence for an interaction with this important clinical comorbidity. Only two SNPs (rs2900032 and rs2175671) appeared on both top SNP lists with a P < 0.001 (Supplementary Tables 5 and 6 ). The most significant association signal with substance abuse/dependence was at rs4072169 in an intergenic region on 4q32 (P = 1.61 Â 10
; OR 1.69; Figure 3c ), whereas the most significant association signal in the substance-free sample was at rs2150127 on 13q31 in the GPC6 gene (P = 6.37 Â 10
À8
; OR 0.12; Figure 3d ), which codes for a heparan sulfate proteoglycan belonging to a family of proteins that have a role in signal transduction including the stimulation of Wnt signaling. 32 
Attempted suicide replication
We were also interested in determining whether the associated SNPs from the primary analyses would replicate in an independent sample set. We tested the 2507 observed and imputed SNPs that met a threshold of P < 0.001 in the primary attempted suicide analysis for evidence of association in the combined WTCCC/STEP-BD/UCL sample, 20 which was also imputed to HapMap I and II, allowing us to test directly for evidence of replication. None of the 2507 SNPs were significant in the replication sample alone after Bonferroni correction for multiple comparisons (P = 0.05C2507 SNPs = 2 Â 10
À5
; Supplementary Table 1 ). However, we did identify a number of SNPs with evidence for association in both sample sets. Thus, we conducted a meta-analysis using the attempted suicide results from both the primary and replication samples and identified one marker on 2p25, rs300774, with a P-value of 5.07 Â 10
À8
, which was on the threshold of genome-wide significance (P < 5 Â 10
; Table 2 ). Two additional chromosomal regions (12q24 and 11p13) had P-values < 1 Â 10 À5 in the combined sample set.
Gene expression in post-mortem brain Our results on 2p25 led us to examine microarray data from the SMRI website, which includes an assessment of expression levels of SH3YL1 and ACP1 in the brains of BP subjects who died by suicide compared with those BP subjects who died by other means. The SH3YL1 transcript is not reported as significantly altered in those who committed suicide. ACP1 expression, however, is reported as significantly elevated in the brains of those who committed suicide. Because of the potential for heterogeneity and confounding in these results, we downloaded and reanalyzed the ACP1 data, focusing on three of the 20 SMRI studies that used the same platform, and looked at the same brain region, Brodmann area 46, in the prefrontal cortex. We found that there were significant effects on ACP1 expression for sex and for brain pH, but even after controlling for them, we continued to see significantly increased expression in those who died by suicide, for one of the three probes (201629_s_at; P < 0.043), although the effects were slightly more modest for the other two (P < 0.10; Supplementary Figure 3) .
Discussion
In this report, we describe the results of a GWAS of attempted suicide. Our primary analysis, using 1201 attempters and 1497 nonattempters, identified 2507 SNPs with nominal evidence for association (P < 0.001), including 10 candidate regions with evidence for association at P < 1 Â 10
À5
. Follow-up in a sample that combined our original one plus an independent replication data set identified one candidate region on 2p25 with P = 5.07 Â 10 À8 , a finding that is on the threshold of genome-wide significance. In addition, secondary analyses aimed at identifying sex-specific loci and loci associated with substance abuse/dependence identified distinct lists of SNPs with more modest evidence for association.
The 2p25 association signal lies in the intergenic region between the SH3YL1 and FAM110C genes. Although both of these genes are expressed in the brain, little is known about their potential functional contribution in the brain. Work to date indicates that SH3YL1 may have a role in hair follicle development 33 and that FAM110C may have a role in cell spreading and migration. 34 Our top association signals on 2p25 lie in a large linkage disequilibrium block that includes SH3YL1 and two other genes, ACP1 and FAM150B. ACP1 codes for a protein tyrosine phosphatase that is expressed in the brain, 35 whereas FAM150B is an uncharacterized proteincoding transcript. The ability of lithium to reduce the risk of suicidal behavior is well established, and it is hypothesized to exert its therapeutic effect by inhibiting glycogen synthase kinase-3 and activating the Wnt signaling pathway. 36 Activated glycogen synthase kinase-3 phosphorylates the b-catenin protein, resulting in its degradation and in reduced Wnt signaling, an event that is thought to be inhibited by lithium. Long-term lithium treatment results in increased cytoplasmic protein levels of b-catenin in the rat brain. 37 In addition, elevation of b-catenin positively regulates neurogenesis just as lithium does. 38 Interestingly, the ACP1 gene product also regulates b-catenin. Overexpression of ACP1, as seen in the SMRI BP suicide completers, results in decreased cytoplasmic b-catenin, 39 which is the opposite effect of lithium administration, thus making ACP1 a functional candidate for involvement in suicidal behavior.
Our sex-specific secondary analyses identified primarily female-specific loci (90 female SNPs versus 16 male SNPs with P-values < 1 Â 10
), which is an intriguing finding given that women attempt suicide at a rate two to three times higher than men. 40, 41 The most significant female-specific signal was seen with marker rs10170138, located in intron 3 of the LRRTM4 gene on 2p12. Interestingly, the LRRTM4 gene sits under the 2p11-12 attempted suicide linkage peak, which was initially identified using mood disorder pedigree sets that were predominantly female. 11, 12 The LRRTM4 gene encodes a transmembrane protein known to trigger the formation of excitatory synapses. 42 We identified these two association signals on 2p25 and 2p12 by comparing the genotypes of BP subjects who have attempted suicide to those of BP subjects without attempts. This 'case-only' approach was designed to identify genetic variants conferring risk to attempted suicide specifically and not to BP in general, and the current association findings with the attempted suicide phenotype provide support for the existence of gene(s) influencing risk for suicidal behavior on the short arm of chromosome 2, an observation that is consistent with the linkage and association 43, 44 findings using pedigrees with BP, major depression and alcoholism.
Neurobiological and genetic studies of suicidality have implicated genes from both the serotonergic system and the hypothalamic-pituitary-adrenal axis in the development of suicidal behavior. 45 However, our attempted suicide GWAS analysis failed to identify significant associations with genes in either pathway or with other important suicidal behavior candidate genes, such as BDNF, NTRK2 and SSAT (Supplementary Table 1 ). One possible explanation for our inability to detect association in these genes is that our 'case-only' approach may have missed loci that influence suicidal ideation, as both our attempters and nonattempters have a high rate of this phenotype. A second possible explanation for this lack of association is that our study focused on association with SNPs, whereas many of these previous studies identified association with insertion/deletion polymorphisms and variable number of tandem repeats, which may not be tagged efficiently by our SNP genotyping panel. A third possible explanation is that one or more of these loci influence suicidal behavior in a phenotypic subset of these samples (such as subjects with highly lethal attempts), and this heterogeneity has reduced our ability to detect evidence for association at these loci.
Our findings should be interpreted in light of several limitations. First, our study was limited by the loss of power inherent in the analysis of subphenotypes. We estimated that our combined sample had 80% power to detect a locus of genomewide significance with an OR of 1.5. Second, our study was designed to identify common variants conferring risk for the attempted suicide phenotype, and hence we did not assess the impact of rare variants or copy number variants. Third, we did not include environmental risk factors, such as parental abuse and early parental loss, which may interact with genetic factors and increase the risk for suicidal behavior. Fourth, it is possible that some subjectswho were classified as nonattempters at the time of ascertainment-went on to attempt suicide. 46 However, this would mean that our attempter sample had been biased toward those with early-onset suicide attempts, which may have increased sample homogeneity. Finally, the ACP1 gene expression study was limited by the fact that the BP subjects were heterogeneous with respect to their medication use. Additional studies using larger sample sets and more detailed medication histories will be required to determine the impact (if any) of each medication and medication combination on ACP1 gene expression.
Our primary and replication analyses from this GWAS of attempted suicide identified an association signal on 2p25 at the threshold of genome-wide significance, providing support for the presence of common genetic variation influencing the risk for suicidal behavior. Analysis of the attempted suicide phenotype in additional GWAS samples, such as the ones being assembled by the PGC (Psychiatric GWAS Consortium), will be required to confirm the signal on 2p25 and will allow for the identification of additional loci influencing suicidal behavior in BP and related psychiatric phenotypes.
